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ABSTRACT 

We present abundances of C, N, O, F, Na, and Fe in six giant stars of the 
tidally disrupted globular cluster NGC 6712. The abundances were derived by 
comparing synthetic spectra with high resolution infrared spectra obtained with 
the Phoenix spectrograph on the Gemini South telescope. We find large star-to- 
star abundance variations of the elements C, N, O, F, and Na. NGC 6712 and 
M4 are the only globular clusters in which F has been measured in more than 
two stars, and both clusters reveal F abundance variations whose amplitude is 
comparable to, or exceeds, that of O, a pattern which may be produced in M 
> 5Mq AGB stars. Within the limited samples, the F abundance in globular 
clusters is lower than in field and bulge stars at the same metallicity. NGC 
6712 and Pal 5 are tidally disrupted globular clusters whose red giant members 
exhibit O and Na abundance variations not seen in comparable metallicity field 
stars. Therefore, globular clusters like NGC 6712 and Pal 5 cannot contribute 
many field stars and/or field stars do not form in environments with chemical 
enrichment histories like that of NGC 6712 and Pal 5. Although our sample size 
is small, from the amplitude of the O and Na abundance variations, we infer a 
large initial cluster mass and tentatively confirm that NGC 6712 was once one 
of the most massive globular clusters in our Galaxy. 

Subject headings: Galaxy: Abundances, Galaxy: Globular Clusters: Individual: 
Messier Number: NGC 6712, Stars: Abundances 



1. Introduction 



The formation and evolut ion of our G a laxy r emains one of the great unanswered ques- 
tions in modern astronomy. lEggen et al.l (119621 ) suggested fo rmation via th e mori olithic 
collapse of a gaseous protocloud on a timescale of 10^ years. ISearle fc ZinnI (119781 ) chal- 
lenged this notion by proposing that the halo formed through the accretion of independent 
fragments over a longer period, 10^ years. These seminal works studied Galactic archaeology 
using the kinematics and metallicities of stars and globular clusters in the disk and halo. To- 
day, Galaxy formati on is discussed within the context of ACDM cosmology and hierarchical 
structure formation (j White &: Reed 1 19781 ; iFreeman &: Bland-Hawthornll2002n with the ongo- 



^On leave from Observatorio Nacional; Rio de Janeiro, Brazil 
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ing a ccretion of the Sagittarius dwarf galaxy being the most prominent example (jlbata et al. 
1994h . 



Another mechanism for populating the disk and ha lo is through the destruct ion of glob- 
ular clusters via tidal shocks, two body relaxation etc (JGnedin fc Ostrikerl 119971 ) . Although 
the current mass in globular clusters is small, the initial g lobular cluster populatio n may 
have been considerably larger than the present population (jGnedin fc Ostrikerl 119971 ). The 
globular cluster Palomar 5 exhibits larg e tidal tails that extend oyer 10 degrees and contain 
more mass than the remaining cluster (lOdenkirchen et al.ll200ll . l2003l ). Therefore, Pal 5 is 
in the process of being tidally disrupted and is currently contributing stars to the disk and 
halo. 

Chemical abundances place strong constraints upon the fraction of halo and disk stars 
that may come from disrupted globular clusters and/or the types of globular clusters that 
may populate the disk and halo. Specifically, every well studied Galactic globular cluster 
exhibits large sta r -to-star abundance v ariations for the light elements from C to Al (jSmith 



1987; Kraft 



1994 : iGratton et al.l |200J) . Although the amplitude may vary from cluster to 



cluster, the abundances of C and O are low when N is high, O and Na are anticorrelated 
as are Mg and Al. Indeed, Stromgren photometry reveals that every globular cluster has 
l arge star-to-star vari ations in the ci = {u — v) — {v — b) index at all evolutionary stages 
( Grundahl et al.l 120001) . The Stromgren u filter includes the 3360 A NH molecular lines, and 
Yong et al.l (l2008al ) recently showed that the N abundances are directly correlated with the Ci 
index. Therefore, it is likely that all globular clusters possess large N abundance variations at 
all evolutionary stages. Alth ough hydrogen burning at high temperatures may explain the ob 



served abundance patterns (iLanger et al.lll993l : iLanger fc Hoffmanlll995l : iDenissenkov et al. 



19981 : iKarakas fc Lattanzid |2003| ) , the source of the nucleosynthesis and the nature of the 
pollution mechanism remain unknown. Intermediate-mass (~3 to 8Mq) asymptotic giant 
branch (AGB) stars were the assumed polluters owing to the mono-metallic nature of most 
GCs, even though detailed AGB naodels h ave so far mostly failed to match the observations 
(JFenner et al.ll2004l : iKarakas et al.ll2006al ). Nevertheless, these abu ndance patterns seen in 



every cluster have ra rely, if ever, been observed in field stars to date (jPilachowski et al.lll996 
Gratton et aPboOol ). 



Smith et al.l (l2002al ) conducted a detailed abundance analysis of four bright giant stars 



in Pal 5 and found variations of O, Na, and Al. (No abundance measurements have been 
performed upon stars in the tidal tails of Pal 5.) While most stars lost from a tidally disrupted 
cluster would be main sequence stars, abundance va riations of O, Na, and Al have now been 
ident ified on the main sequences of globular clusters (IGratton et al.ll200ll : I Cohen &: Melendez 
20051 ) . Since no radial gradients are associated with the O to Al abundance variations (with 
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the exception of 47 Tucanae Norris &: Freemanll 19791 : lBrileylll997l | ) , observations of red giants 
in the cluster should be equivalent to observing red giants in the tidal tails. That abundance 
variations of O, Na, and Al are found in Pal 5 suggests that clusters like Pal 5 cannot provide 
many field stars and/or field stars do not form in environments with chemical enrichment 
histories similar to Pal 5. Of great interest for our understanding of Galactic and globular 
cluster formation would be the identification of clusters undergoing tidal disruption in which 
no light element abundance variations are detected. 



Of the large sample of globular clusters studied by lParesce fc De Marchil (l2000l ) using the 
Hubble Space Telescope, all have mass functions (as inferred from their luminosity functions) 
which peak at O.25M0. Not surprisingly, the mass function of Pal 5 is flatter than other 
clusters re vealing significant depletions of low mass stars presumably stripped by the Galactic 
tidal field (JKoch et al.ll2004l ). The globular cluster NGC 6712 is a sm all and sparse globular 



cluster whose raass f unction peaks at O.75M0 instead of 0.25Mq ( Ide Marchi et al.l Il999 



Andreuzzi et al.ll200ll ). That is, NGC 6712 is the only cluster whose mass function decreases 
with decreasing mas s. With an orbit penetrating deep into the bulge, /^pericentric = 0.9 kpc 
( iDinescu et al.lll999l ). tidal forces have stripped away a substantial fraction of NGC 6712's 
lower mass stellar populat ion. Calculations suggest that NG C 6712 may have lost up to 
99% of its original mass (JTakahashi &: Portegies ZwartI |2000| ). All that remains of NGC 
6712 is a remnant core of a cluster that was probably once one of the most massive in the 
Galaxy. The presence of a high luminosity x-ray source and a surprisingly large blue straggler 
population reinforce th e idea that NGC 6712 was once much more massive and concentrated 
( iPaltrinieri et al.ll200ll ). Therefore, NGC 6712 has almost certainly contributed stars to the 
disk and/o r halo. Previous abundance analyses of N GC 6712 only considered one post- 
AGB star ( jJasniewicz et al.l |2004J : iMooney et al.l |200J) whose composition may not refiect 
the composition of the cluster due to the rich nucleosynthesis occurring in the late phases of 
stellar evolution. In this paper, we present the first detailed chemical abundance analysis of 
bright red giant stars in this tidally disrupted globular cluster. 



2. Observations, data reduction, and analysis 

NGC 6712 lies in the direction of the Galactic bulge in a region of high visual ex- 
tinction. While the brightest giants are relatively faint at visual wavele ngths (V c:^ 13.5) , 
these giants are very bright at infrared wavelengths {H ~ K ~ 8.3). ICudworthl (119881 ) 
measured proper motions from which membership probabilities were determined. For bright 
giants with membership probabilities > 90%, optical {V vs. B — V) and inf rared {K vs. 
J — K) color- magnitude diagrams were constructed using the ICudworthI (119881 ) and 2MASS 
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( jSkrutskie et al.ll2006l ) photometry. The six brighte st stars were obser ved using the Gem- 
ini South telescope and the Phoenix spectrograph ( Hinkle et aLll2003l ) in service mode in 
July and August 2007. The program stars are listed in Table [T] and the log of observations 
is shown in Table [2J We used the 0.35" slit which provided a spectral resolution oi R = 
50,000. All program stars were observed at two positions along the slit separated by 5" on 
the sky through two filters: the H6420 filter provided wavelength coverage from 15520A to 
15585A and the K4308 filter provided wavelength coverage from 23300A to 23400A. The 
exposure times per star ranged from 520 seconds for the H-band observation of VIO to 36 
minutes for the K-band observation of LMIO. The signal-to-noise ratios (S/N) exceed 150 
per resolution element for each setting in each star. For each setting on each night, our 
observing program included a radial velocity standard, a hot star for telluric line removal, 
10 flat field exposures, and 10 dark exposures. Wavelength cahbrat ed spectra were prod uced 
using standard r educt ion procedures for infrared data described by lSmith et al.l (l2002bl ) and 
Melendez et al.l ( 20031 ) with the IRAFg package of programs. Examples of reduced spectra 
are shown in Figure [H 

Radial velocities were measured by cross correlating the cluster spectra against the radial 
velocity standards. For each star, we obtained a radial velocity measure from the H-band and 
the K-band and the velocities measured from each region were in good agreement for a given 
star. In Table [3], we report the radial velocities and for our six stars we find a mean cluster 
radial veloci ty K-^h = —10 9.0 km s^^ (a = 5.0 km s^^) which is in good agreement with the 
value in the iHarrisi (|1996[) catalog, K-ad = —107.5 km s^^ as well as the value measured by 
Jasniewicz et al.l (120041 ) for their post-AGB star, l^-ad = —116.4 km s~^. 



The stellar parameters w ere derived in the fol l owing way. The effective temperature, 
Tefj, was calculated using the iRamirez fc MelendezI (120051 ) Tefj:color:[Fe/H] calib rations for 
giant stars. We used the (B — V), (V — J) , {V — H), and {V — K) colors fr om the ICudworth 



(119881 ) and 2MASS (ISkrutskie et al.ll2006D ph otometrv. E{B -V) = 0.43 (ICudworth 



19881) 



Harris! (Il996l ) catalog. The final Tes was the mean of the 



and [Fe/H] = -1.01 from the 
individual Tcs values from each color weighted by the uncertainties for each color calibration. 
The surface gravi ty, logg, was determined using Tgfj, a distance na o dulus of (m — M)v = 
15.6 (JHarrislll996l ). bolometric corrections BC(V) from lAlonso et al.l (119991 ) . and assuming a 
mass of 0.8Mq. The microturbulent velocity was determine d using the following re lation, ^t 
= 4.2 — 6xl0~^ Tes, adopted from the optical analysis by iMelendez et al.l (120081 ) of thick 
disk and bulge stars with comparable stellar parameters. The stellar parameters are given 



^IRAF (Image Reduction and Analysis Facility) is distributed by the National Optical Astronomy Obser- 
vatory, which is operated by the Association of Universities for Research in Astronomy, Inc., under contract 
with the National Science Foundation. 
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in Table H 

We found that errors in the distance modulus of ±0.2 led to changes of 0.08 dex in 
log 5' and th at changes of ±0.02 mag in reddening resulted in T^s errors of 20K. Had we 
adopted the lAlonso et al.l (119991 ) refj:color:[Fe/H] calibration for giant stars, our values for 
Tcff would be 93 K (a = 29K) hotter a nd log^f would be 0.07 dex {a = 0.05 dex) higher. 
We r iote that the ISchlegel et al.l (119981 ) dust maps give a reddening E{B — V) = 0.39 and 
that iPaltrinieri et al.l (120011 ) find a very low value of E{B — V) = 0.33. Had we adopted 
the lowest published value E{B — V) = 0.33, our T^s would be 108K {a = 20K) cooler and 
log^r would be 0.03 dex [a = 0.04 dex) lower. We estimate that internal uncertainties in the 
stellar parameters are T^s ± 50K, logg ± 0.2 dex, and ^j ± 0.2 km s~^. While the zero-point 
of our derived abundances would shift, the amplitude of the star-to-star abundance variation 
for C, N, O, F, and Na would remain similar regardless of the adopted stellar parameters 
provided they were homogeneously applied. Therefore, our conclusions do not depend upon 
the adopted stellar parameters, within a reasonable error range. 

Abundances for a given line were derived by comparing synthetic spectra with observed 
spectra. The synthetic spectra were genera ted using the local thermodynamic equilibrium 
(L TE) stellar line analysis program MOOG (|Snedenlll973l ) and LTE model atmospheres from 
the iKuruczl ( 119931 ) grid. First we derived abundances for O from the OH molecular lines at 
15535. 462A, 15536. 705A, and 15565. 880A. Next, abundances for C were obtained from the 
CO molecular lines near 15576A as well as from the large number of CO lines in the K-band 
spectra. Finally, N abundances were derived from the CN molecular lines at 15552. 695A, 
15553. 642A, and 15563. 355A. Since the abundances of C, N, and O are coupled, we iterated 
until self consistent abundances were obtained, which always occurred within one iteration. 
Abundances for F were obtained from the HF molecular line at 23358. 31lA. Na abundances 
were derived from the Nal line at 23379. 140A. Fe abundances were obtained from the Fel 
lines at 15534. 260A and 15537. 690A as well as the Fe blend near 1555lA. In Figures [21 
131 and m we show examples of synthetic spectra fits to derive abundances in our sample 



and in Table HI we present the fina l abundances 



of synthetic spectra was tak en from IJorissen et al.l (119921 ) , iMelendez fc Barbuyl (119991 ) , and 



Melendez et al.l (l200ll . l2003f ) 



he fu l l line list used in the gener ation 



The model atmosphere grid does not extend below logg = 0.0. For the four stars with 
surface gravities log^f < 0.0, abundances were extrapolated from nearby models, e.g., for VIO 
with logg = —0.22, we determined abundances for log^r = ±0.22 and log^f = 0.00 and adopted 
A(X) = A(X)iog g=om + (^(X)iog g=o.oo - -4 (X)iog 3=0.22)- We checked the extrapolated 
results by measuring abundances at an additional value of logg. For the example above our 
additional measurement was at log 5^ = ±0.44. We note that the derived abundances at log 5^ 
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= +0.44, +0.22, and 0.00 were essentially linear such that an extrapolation within the grid 
provides accurate results. Although we are extrapolating beyond the grid, we regard the 
steps in surface gravity as small, A logg < 0.26, and so we anticipate that our results should 
be reliable. The abundance dependences upon the stellar parameters are shown in Table O 



3. Results 

Based on optical {V vs. B — V) and infrared {K vs. J — K) color-magnitude diagrams, 
V8 is a likely asymptotic giant branch (AGB) star. The radial velocity and line strengths are 
consistent with cluster membership, as expected given the proper-motion selection criterion. 
For this star, the lines are considerably broader than in the rest of the sample. To match 
the observed spectra, the synthetic spectra for V8 were convolved with a Gaussian of width 
16 km s~^ which represents the combined effect of the instrumental profile (6 km s~^), 
atmospheric turbulence, and stellar rotation. For the remaining stars, the synthetic spectra 
were convolved with a Gaussian of typical width 10 km s~^ to match the observed spectra. 

For the elements C, N, O, Na, and F, we find large star-to-star abundance variations 
(~0.6 dex) even within our small sample. For these elements, the amplitude of the abundance 
variation far exceeds the measurement uncertainties. In this respect, NGC 6712 behaves like 
all other well studied Galactic globular clusters. We also find that the Fe abundance does 
not show any star-to-star abundance variation, although we note that the number of Fe lines 
available in our wavelength regions is very small. The dispersion in Fe abundances within 
our sample (a = 0.04 dex) can be attributed entirely to the measurement uncertainties. 

In Figure we plot the abundances of N, O, F, Na, and Fe against C as well as O vs. 
Na. As seen in all globular clusters, the abundances of C and N are anticorrelated and the 
abundances of C and O are correlated. In this figure, we fit a straight line to the data taking 
into account both the x and y errors. We show the formal slope of the fitted line as well as 
the 1-cr uncertainty in the slope. The C-N anticorrelation is significant at the 3-0" level and 
the C-0 correlation is significant at the 4-cr level. We also find that the Na abundances are 
anticorrelated with C at the Q-a level and that Na is anticorrelated with O at the 4-cr level. 

The F abundance shows a large star-to-star variation. In Figure [5], the F abundances are 
correlated with C at the 3-0" level. Therefore, F is also correlated with O and anticorrelated 
with N and Na. The amplitude of the F abundance variation (Ay4(F) = 0.80 dex) exceeds the 
amplitude of the O variation (A^(0) = 0.64 dex). (Given the measurement uncertainties 
(tA(0) = 0.11 dex and aA(F) = 0.14 dex, O and F may have comparable abundances.) 
Indeed, of the elements measured in our sample, F exhibits the largest amplitude abundance 



variation. 



We find that the sum of C+N+0 is constant in NGC 6712 within the measurement 
uncertainties (C+N+0 is not correlated with the C abundance). Finally, we note that 
the Fe abundances are not correlated with C Adopting a solar abundance A{Fe)Q = 7.48, 
we find a mean cluster abundance [Fe/H] = —0.96 ± 0.02 (a = 0.04) which is in good 
agre ement with previous es timates for this cluster by IZinn fc WestI ( 1l9841 ). [Fe/H] = —1.01 
and Ijasniewicz et all J2004h . [Fe/H] = -1.2. 



4. Discussion 



4.1. Abundance comparison between NGC 6712 and M4 

M4 is an ideal globular cluster with which to compare the chemical abundances in NGC 
6712. M4 is th e only other clust er in which F abundances have been measured in more 
than two stars ( Smith et al. 2005n. i t has a comparable metallicity ([Fe/H]M4 = —1.20 and 
[Fe/H]NGC 6712 = —1.01 Harrislll996l |). and the orbital parameters are very similar (i?^oc 



5.9 ± 0.3 kpc, R. 



-1.01 

M4 



pericentric 



''apocentric 

0.6 ± 0.1 kpc, and Z^^^ = 1.5 ± 0.4 kp c and R^^SJJ^ ? = 6.2 



± 0.3kpc, i?^e?kenSc = 0-9 ± 0.1 kpc, and Z^^c 6712 ^ q g ^ Q 2 kpc [Dinescu et al.lll999t l 



"'pericentric 

(In the globular cluster a; Cen, F h as been measured in one star and an upper limit measured 
in another star Cunha et al.ll2003| .) However, we note t hat M4 may be uniquely enriched in 



5-process elements among the Galactic globular cluste rs divans et al. 



199S 



Pritz 



Yong et al.ll2008bf) . with the usual exception of u Cen (iNorris fc Da Costalll995 
2000h . 



et al. 



2005 



Smith et al. 



In Figure[6]we show th e abundance range s for C, N, and O for our six stars in NGC 6712 
and the seven stars in M4 (jSmith et al.l 120051 ). In both clusters, the targets are located near 
the tip of the red giant branch. Within the small samples, NGC 6712 may have slightly larger 
abundance amplitudes for C, O, and C+N+0, the abundance amplitude for C+N is very 
similar for these clusters, and M4 has a larger abundance amplitude for N. The mean cluster 
abundances are very similar for O. However, NGC 6712 may have higher mean abundances 
of N, C+N, and C+N+0 along with a lower mean C abundance than M4. The higher N 
abundances and lower C abundances in NGC 6712 relative to M4 suggests that the extent 
of CN-cycling may have been greater in NGC 6712. However, NGC 6712 was formed from 
gas with higher amounts of C+N and C+N+0 than M4. 

In Figure[7|we show the abundance ranges for F, Na, and the ratio [0/Na] for NGC 6712 
and M4. Within the small samples, NGC 6712 may have larger abundance amplitudes for F, 
Na, and [0/Na] than M4. The mean cluster abundances of F are in agreement, however NGC 
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6712 has a higher mean Na abundance and a shghtly lower [0/Na] ratio than M4, which 
is consistent with a higher degree of hydrogen burning via (^,7) reactions. Larger samples 
are required to fully appreciate the abundance differences between these two clusters whose 
orbital parameters are very similar. 



4.2. F destruction and constraints on AGB nucleosynthesis 

The general behavior of the abun dances of F with r espect to C, N, O, and Na in NGC 
6712 is identical to that seen in M4 (jSmith et al.l 120051 ). We reiterate that in both NGC 
6712 and M4, the amplitude of the F abundance variation is comparable to, or exceeds, the 
amplitude of the O variation. Therefore, any scenario invoked to explain the light element 
abundance variations in globular clusters must account for these large F variations. 

In sufficiently massive AGB stars, the base of the convective envelope can rea ch tempera- 



tures that permit hydrogen burning, a process called hot-bottom burning (HBB) (IScalo et al. 



I975I ). Hot-bottom burning can qualitatively produce the required C, N, O, Na, Mg, and Al 
abundance patterns observed in globular clusters, and intermediate-m ass AGB stars have 



long been suspected of producing the light element abundance variations (ICottre 



2004 



1981 ) , although AGB mod els have thus far failed to match the observations (JFenner et al. 



1 fc Da Costa 



(IMowlavi et al. 



1996 



Ulu^ 



Karakas et al.ll2006af). An additional signature of HB B is F destruction via F{p,a) O 



aro et al.l 



produce F (jjorissen et al. 



1992 



2004 : Smith et al.l2005r) . In contrast, low mass AGB stars 



Forestini et al.lll992f ). 



If AGB stars are solely responsible for the F and O abundance variat ions in NGC 6712, 
theoretical yields (JKarakas fc Lattanzid l2003l . 120071 : iKarakas et al.l |2008| ) offer insight into 
the range of possible masses of these stars. These models indicate that F may be destroyed 
by up to 1 dex while O is destroyed by up to 0.5 dex during HBB in 5AIq and 6Mq Z 
= 0.004 AGB stars, in general agreement with the observations. However, F destruction 
ceases and indeed F production begins to occur again when HBB is terminated, and it is 
during this phase when much of the mass loss occurs. Therefore, even for the most massive 
stars, the AGB winds contain material with O and F depleted by similar amounts. The 
main uncertainties in these models are convec tion and mass loss. Convecti on determines the 
efficiency of HBB as well as the HBB lifetime ( Ventura fc D'Antonall2005al Jbl). The mass-loss 
rate determines when the mass is lost from the star. For example, a stronger mass-loss rate 
may result in more mass lost when the star was O and F poor but with a larger degr ee of 
F depletion. From 5Mq models of [Fe/H] ~ —2.3 computed for IKarakas et al.l (l2006bl ). we 
estimate that the fluorine yields can vary by up to a factor of ~3 by changing the mass-loss 
rate. If massive metal-poor AGB stars are responsible for the F and O variations in NGC 
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6712 and M4, and if the F variation exceeds that of O, then the models would require both 
stronger mass loss and more efficient convection. 



Results presented by llzzard et al.l (120071 ). that use updated NeNa and MgAl hydrogen 
burning rates, gave fluorine abundances increased by a factor of 72. This last result is net 
production of ^^F as opposed to destruction by HBB in the former models, and serves to 
illustrate just how uncertain the AGB models are to variations in the input physics and 
to the nuclear uncertainties, especially at the range of temperatures found in the H and 



He-burning shells of AGB sta r s. (W e refer the reader to the discussions in iLugaro et al. 



( l2004j . I2OO8I ) and llzzard et al.l (120071 ) and references therein for an overview of the current 
uncertainties regarding AGB model yields for fluorine and other light element s .) Ad ditional 
observations of F in AGB stars, such as those presented by lUttenthaler et al.l (120081 ) as well 
as measurements in higher mass AGB stars are critical to constrain the AGB models. 

In addition to HBB in intermedi ate-mass AGB stars, another possible source of these 



abundance anomalies is massive stars (Prantzos fc Charbonnel 



20071 ). While massive stars will also destroy F (jPrantzos et al. 



2006 



Smith 2006; Decressin et al, 



20071 ). quantitative yields for 



F and O would be of interest to constrain all currently proposed sources of the globular 
cluster abundance variations. At present, the star-to-star F abundance variations in NGC 
6712 and M4 could be explained by pollution from either a generation of massive stars or 
intermediate-mass AGB stars that underwent hot-bottom burning. 



4.3. A comparison of [O/Fe] in NGC 6712 with the general bulge trend 



The O abundances vary from star-to-star in globular clusters (e.g., lKraftlll994l ). Stars 
with high O abundances also show high Mg abundances along with low Na and Al. We refer 
to these stars as "normal" because comparisons have shown that the abundance patterns 
of these cluster stars are in accord with field stars at the same metallicity. At the opposite 
end of the abundance distribution in globular clusters lie the 0-poor, Mg-poor, Na-rich, 
and Al-rich stars which we refer to as "polluted". No field stars have been observed with 
compositions matc hing these "polluted" cluster s tars. In globular clusters like NGC 6752 
( jYong et al.l l2003al ) and M13 (ISneden et al.ll2004l ). the "normal" stars with the highest O 
abundances have [O/Fe] ratios in agreement with field stars at the same metallicity. 



Following iMelendez et al.l (120081 ) . w e adopt solar a bund ances of ^(0)0 = 8.72 and 
A{Fe)Q = 7.48 which are similar to the lAsplund et al.l (120051 ) values based on 3D hydro- 
dynamical model atmospheres. For NGC 6712, our highest relative abundance is [O/Fe] = 
0.59. We assume that this star is "normal" and that this O abundance is representative 
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of the initial cluster value prior to the processes which produced star-to-star variations in 
the light element abundances. Within the measurement uncertainties, the O abundance for 



NGC 6712 is comparable to the values recently measured in bulge giants by iMelendez et al. 
( 120081 ). who showed through a homogeneous differential analysis that the thick disk and 



bulge (and halo) had [0/Fe] ratios in agreement at a given [Fe/H]. Therefore, we tentatively 
conclude that the [0/Fe] ratio in "normal" giants in NGC 6712 is in agreement with the 
general bulge trend (and halo stars at the same metallicity). 



4.4. A comparison of fluorine in NGC 6712 with other Galactic populations 

The fluorine abundances measured in NGC 6 712 are now compared to those frorn othe r 
samples of Galactic stars, w hich include field st ars ( Cunha et al.ll2003l : ICunha fc Smithll2005l ). 
along with b ulge red giants (jCunha et al.ll2008r). as well as the rn easurements for the globular 
clusters M4 (ISmith et al.ll2005l ) and lj Gen (ICunha et al.ll2003l ). As is the case for oxygen, 
the assumption is made that the highest fluorine abundances in NGC 6712 (as well as for 
M4) represent the initial cluster value prior to the processes which produced the globular 
cluster star-to-star abundance variations. In Figure [8] are plotted the abundances of A(F) 
versus A(0) (top panel) and log[N(F)/N(0)] versus A(0) (bottom panel) for all stars from 
the various studies. As a first point of comparison, it is found that the most F-rich stars in 
NGC 6712 (and in M4) are underabundant in fluorine when compared to most of the bulge 
and fleld stars that have comparable values of A(0) ~ 8.2-8.4 (here oxygen is used as a 
proxy for metallicity). Most of the fleld stars and bulge stars fall along a similar distribution 
in the A(F) versus A(0) diagram, while the globular cluster stars seem to deflne a different 
trend. 

The straight lines shown in the top panel of Figure [8] represent linear flts to the globular 
cluster data and, in addition, flts to the fleld plus bulge star points; extrapolations of these 
lines do not intersect and conflrm the impression that the globular clusters have a distinct 
mixture of F and O abundances when compared to the fleld and bulge stars. This observation 
is based on the stellar samples studied to date, with a still small metallicity overlap; the 
behavior of fluorine in the fleld has not been probed below oxygen abundances A(0) ~ 8.4. 
However, to have a single distribution, or curve, of A(F) to A(0) flt both sets of data (fleld 
and globular clusters) would require a rapid, nearly discontinuous drop of about 0.8 dex in 
the fluorine abundance near an oxygen abundance of A(0 ) ^ 8.2-8.4. It is also noted that 



the rather oxygen-rich bulge giant (BMB 78) studied by ICunha et al.l (120081 ) . with A(0) 
= 9.0, but a low F abundance of A(F) = 4.26, falls along the line extrapolated from the 
globular cluster stars. 
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Another way to compare F and O abundances is shown in the bottom panel of Figure 
[HI with the ratio of F/0 plotted as a function of the oxygen abundance. Here again there 
appears to be a rather sharp, near discontinuity in the values of F/0 in the globular clusters 
in comparison to the field and bulge stars near A(0) ~ 8.3. In the globular clusters, the 
values of F/0 remain nearly constant as the oxygen abundance varies and this is due to the 
depletion of both ^^O and ^^F by the H-burning processes that shape the peculiar chemical 
evolution found in the globular clusters; inspection of the F and O abundances in both 
M4 and NGC 6712 reveals nearly equal decreases in both ^^F and ^^O (as expected to 
occur in only the most massive AGB stars, as discussed above), whi ch results in nearly 
constant ratios of F/0 within the cluster stars. Note that Figure 2 in ICunha et al.l (120081 ) 
shows predictions f o r ^^F production via neutrino nucleosynthesis in SNe II taken from the 



Woosley fc Weaver! (Il995l ) mo dels, as well as th e approximate downward revisions to the 



fluorine yields as suggested by lHeger et al.l (120051 ). Neutrino nucleosynthesis predicts values 
of log[N(F)/N(0)] ~ —5.0 for models with oxygen abundances of about A(0) = 8.4, which 
matches the envelope of values found for the stars in NGC 6712, M4, as well as the two stars 
studied to date in u Gen. 

Within the uncertainties in the measurements, along with the models, it is suggested 
that the ^^F observed in the globular clusters could have been created by neutrino nucleosyn- 
thesis alone (with the fluorine arising mostly from core-collapse neutrinos spalling ^°Ne). The 
increased values of F/0 found in the field and bulge stars req uire additional s ources of ^^F , 



which have been discussed and modeled by lRenda et al.l (120041 ) and discussed in lGunha et al. 



( 120081 ) , and consist of Wolf-Rayet winds (whose yields of fluorine increase substantially with 
stellar envelope metallicity), along with thermally pulsing AGB stars. Such a picture would 
suggest that the globular clusters are less polluted by Wolf Rayet winds and low-mass AGB 
stars (AGB stars with M > 2-3M0 destroy ^^F) than either the bulge or field stars with 
metallicities greater than about one-third solar. If the globular clusters represent the rem- 
nants of systems that formed from gas that was chemically seeded by very metal-poor SN 
II, the low values of F/0 represent the "chemical memory" of this enrichment. 

Although "normal" globular cluster stars have compositions that are indistinguishable 
from field stars at the same metallicity, as discussed above, ^^F is an exception. Another ex- 
ception is represented by the minor isotopes of Mg, whose ratios ^^Mg/^^Mg and ^^Mg/^^Mg 
i n "normal" cluster stars exceed the valu es found in field stars at the same metallicity 
( IShetrond 1 19961 : lYong et al.l l2003a| ]bl. l2006l ). While the contribution, or absence, of Wolf 
Rayet winds and/or low-mass AGB stars provides a plausible explanation for the F discrep- 
ancy as discussed above, the situation for the Mg isotopes is less clear. One explanation is 
that the entire globular cluster was polluted by intermediate- ma ss AGB stars which raised 
the low abundances of ^^Mg and ^^Mg provided by supernovae (JFenner et al.ll2003l ) to the 
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high levels observed. 

Finally, the bulge star BMB 78, with unusually low F, may be an 0-rich star whose 
F abundance could be attributed solely to neutrino nucleosynthesis (i.e., the F in this star 
has experien c ed lit tle or no contribution from Wolf Rayet or AGB stars). As discussed by 



Cunha et al.l (120081 ). this star could therefore have important implications for the inhomo- 
geneous chemical evolution of the bulge. An additional, and highly speculative, explanation 
for the unusual F and O abundances in BMB 78 is that this star was born in a globular 
cluster but was subsequently stripped away. 



4.5. Light element abundance variations and implications for Galactic 

formation 

Star-to-star abundance variations for the light elements have been found in every well 
studied Galactic globular cluster. Such abundance patterns are the signature of hydrogen 
burning at high temperatures. The currently favored candidates are intermediate-mass AGB 
stars and massive stars. Our abundance measurements in NGC 6712 provide new and 
critical information. Specifically, the F abundance is found to vary from star-to-star with 
an amplitude comparable to, or possibly exceeding, that of O. Therefore, the two globular 
clusters in which F has been measured in more than two stars both show large abundance 
variations. 

The fact that NGC 6712 exhibits large star-to-star abundance variations of the light 
elements has implications for Galactic formation. The current mass in globular clusters is 
small, but in the past there may have been many more clusters. Some fraction of field stars 
may have been born in globular clusters that were subsequently destroyed by the Galactic 
tidal field. However, the abundance signature of globular clusters, O, F, Na, Mg, and Al vari- 
ations, has never been observed in fiel d stars to date. (C a nd N variations are found in field 



halo stars as well as cluster stars [e.g., iGratton et al.ll2000| and can be attributed to internal 



nucleosynthesis and mixing with the observed stars.) Current estimates suggest that globu- 



lar cl usters comprise roughly 2% of the mass of the stellar halo (JFreeman fc Bland-Hawthorn 



20021 ). If we arbitrarily assume that one globular cluster was destroyed for every surviving 
cluster (i.e., the initial globular cluster population was double the current population), then 
for every 50 field halo stars observed, only 1 star would come from a disrupted globular 
cluster. However, not every star in a given globular cluster has peculiar O, F, Na, Mg, and 
Al abundances with respect to field stars at the same metallicity (e.g., see the earlier dis- 
cussion on "normal" stars). If we arbitrarily assume that half the stars in globular clusters 
have distinct abundances of O to Al relative to field stars at the same metallicity, then 100 
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field halo stars need to observed to find one star whose chemical abundances indicate that 
it was born in a globular cluster. Nevertheless, no field halo stars ha ve been identified that 
show large Na and Al enhancements along with large O depletions. iGratton et al.l (120001 ) 
investigated a large sample of 105 stars with —2 < [Fe/H] < —1, and so the non-detection of 
the globular cluster abundance anomalies in field stars is not due to a lack of effort (although 
larger samples may be needed). NGC 6712 and Pal 5 are tidally disrupted globular clusters 
which have almost certainly contributed stars to the disk and halo. Both clusters show large 
abundance variations for light elements which suggests that clusters like NGC 6712 and Pal 
5 cannot have provided many field stars and/or field stars did not form in environments with 
chemical evolution histories like NGC 6712 and Pal 5. 



4.6. Constraints upon the initial cluster mass from abundance variations 

Based on the present day luminosity function, the high luminosity x-ray source, and the 
large blue stra ggler population, it is highly likely that NGC 6712 was initially con siderably 



more massive (Ide Marchi et al 



1999 



Andreuzzi et al.l 1200 ll : iPaltrinieri et al.ll200ll ). Indeed 



calculations by lTakahashi fc Portegies ZwartI (120001 ) suggest that NGC 6712 may have lost 
99% of its initial mass such that it might have been one of the most massive clusters that 
ever formed in the Galaxy, Minitiai ~ 10"^ Mp 



/0. 



For eight well studied globular clusters, ICarrettal (120061 ) compared the interquartile 
range (IQR) for [0/Fe], [Na/Fe], [0/Na], and other abundance ratios with various physical 
parameters and found that the amplitude of the abundance variation shows a dependence 
upon cluster mass, as inferred from the absolute magnitude. Presumably the light element 
abundance variations in NGC 6712 (and in all clusters) originated early in the life of the clus- 
ter. Therefore, the currently observed abundance variations offer an independent estimate 
of the original mass of NGC 6712. 

Our measured values are IQR[0/Na] = 0.85, IQR[0/Fe] = 0.59, and IQR[Na/Fe] = 
0.55 (adopting solar values of ^(0)0 = 8.72, ^(Na)© = 6.17, and ^(Fe)© = 7.48.) Since 
our sample size is small, we may b e unde restimating (or overestimating) the true IQRs. We 
fit a straight line to the ICarrettal (120061 ) data and find that the IQRs for [0/Na], [0/Fe], 
and [Na/Fe] in NGC 6712 correspond to absolute magnitudes of —9.6, —12.7, and —11.4 
respectiv e ly. W hile such an analysis is far from robust, inspection of Figures 12 and 13 in 
Carrettal (120061 ) indicate that NGC 6712 should be a very massive cluster based on the IQRs 
for [0/Fe], [Na/Fe], and [0/Na]. The two most massive globular clusters u Cen and M54 
have absolute magnitudes —10.29 and —10.01 respectively and both clusters are regarded as 
the nuclei of accreted dwarf galaxies. Despite our small sample size which may not measure 
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the true IQRs, it is likely that NGC 6712 was initially one of the most massive clusters in our 
Galaxy as inferred from the large amplitude light element abundance variations. Of great 
interest would be the analysis of a larger number of elements in a larger sample of stars in 
NGC 6712 to identify abun dance similarities with the massive globular cluster uj Gen. Given 



the narrow RGB sequence (lGudworthlll988l ). a star-to-star spread in Fe seems unlikely. 



5. Concluding remarks 

Based on high resolution infrared spectra, we derive abundances of G, N, O, F, Na, and 
Fe in six giant stars of the tidally disrupted globular cluster NGG 6712. For the elements G, 
N, O, F, and Na, we find large star-to-star abundance variations and correlations between 
these elements, a characteristic that NGG 6712 shares with every well studied Galactic 
globular cluster. This is only the second cluster in which F abundances have been measured 
in useful numbers of stars and both clusters show F variations whose amplitude is comparable 
to, or exceeds, that of O. Within the limited data, globular clusters appear to have lower F 
abundances than field and bulge stars at the same metallicity. Of great interest would be 
measurements of F in additional stars in u Gen and other globular clusters as well as in larger 
samples of field stars, with both samples overlapping in metallicity. From the amplitude of 
the O and Na abundance variations, we tentatively confirm that NGG 6712 was once one of 
the most massive clusters in our Galaxy. 

NGG 6712 is a tidally disrupted cluster as revealed through its highly unusual luminosity 
function. Pal 5 is another tidally disrupted globular cluster. Both NGG 6712 and Pal 5 have 
almost certainly contributed stars to the disk and halo. Both clusters exhibit large star-to- 
star abundance variations for light elements, a characteristic which has yet to be identified 
in field halo stars. Therefore, the light element abundance variations detected in NGG 6712 
indicate that clusters like NGG 6712 and Pal 5 have not provided many field stars and/or 
field stars did not form in environments with chemical enrichment histories like NGG 6712 



and Pal 5. As pointed out by ISmith et al.l (l2002af ). disrupted globular clusters like Pal 5 



have lost GN-strong, 0-poor, Na-rich, Al-rich stars to the halo field. But where are these 
stars? Of great interest would be an abundance analysis of stars within the tidal tails of Pal 
5 as well as a large-scale dedicated search for O, Na, and Al abundance anomalies in field 
halo stars. 



This paper is based on observations obtained with the Phoenix infrared spectrograph, 
developed and operated by the National Optical Astronomy Observatory. Based on ob- 
servations obtained at the Gemini Observatory, which is operated by the Association of 
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Table 1. Program stars and observations. 



Star R.A. (J2000) Dec. (J2000) B'' 



V" 



fft 



K'- 



VIO 


18 52 57.33 


-08 41 43.9 


15.74 


13.68 


9.428 


8.366 


8.114 


V8 


18 53 05.65 


-08 41 12.2 


15.24 


13.32 


9.391 


8.596 


8.274 


V21 


18 52 58.79 


-08 42 06.1 


15.62 


13.45 


9.536 


8.516 


8.283 


LM5 


18 52 59.31 


-08 41 34.5 


15.61 


13.63 


9.906 


9.037 


8.764 


LM8 


18 53 06.91 


-08 40 54.2 


15.67 


13.78 


10.307 


9.378 


9.193 


LMIO 


18 53 09.38 


-08 43 12.8 


15.44 


13.60 


10.265 


9.416 


9.217 



^B and V magnitudes from ICudworthI ( 19881 ) 



V, H, and K magnitudes from 2MASS (|Skrutskie et al.ll2006l ) 



Table 2. Log of observations. 



Star 


Date 


Exp. time (s) 
15550A 


S/N 


Date 


Exp. time (s) 
23330A 


S/N 


NGC 6712 


VIO 


2007 07 27 


2 X 260 


180 


2007 08 28 
2007 08 29 


2 X 375 
2 X 375 


250 
190 


V8 


2007 08 18 


4 X 325 


210 


2007 08 29 


2 X 435 


200 


V21 


2007 08 18 


2 X 300 


170 


2007 08 29 


2 X 440 


190 


LM5 


2007 08 18 


2 X 490 


150 


2007 08 29 


2 X 690 


260 


LM8 


2007 08 18 


2 X 680 


200 


2007 08 29 


4 X 525 


200 


LMIO 


2007 08 18 


2 X 710 


180 


2007 08 29 


4 X 540 


220 


Radial Velocity Standards 


HD203344 


2007 07 27 


4x7 


450 


2007 08 29 


2x8 


250 


HD206642 


2007 08 18 


8x6 


300 
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Table 3. Radial velocities (km s 



Star 


HJD 


K-ad 


a 


HJD 


V^rad 


a 


Mean T^ad 




15550A 




23330A 






VIO 


2454308.7893 


-104.8 


0.8 


2454341.5200 


-109.8 


0.8 


-107.3 


V8 


2454330.5523 


-106.5 


2.0 


2454341.5398 


-107.4 


1.3 


-106.9 


V21 


2454330.5807 


-106.7 


0.9 


2454341.5577 


-108.2 


0.4 


-107.4 


LM5 


2454330.6036 


-112.6 


1.2 


2454341.5753 


-117.2 


0.6 


-114.9 


LM8 


2454330.6243 


-114.2 


0.7 


2454341.6055 


-115.4 


0.5 


-114.8 


LMIO 


2454330.6487 


-101.4 


1.1 


2454341.6389 


-103.3 


0.5 


-102.3 



Note. 



km 



For the radial velocity standards , we adopted HD203344 Vrad 



and HD206642 K 



rad 



58.0 km s-i (JBarbier-Brossat fc Figonll2000l ) 



Table 4. Stellar parameters and abundances. 



Star 


Teff (K) 


logs 


6 (kms-i) 


A(C) 


A(N) 


A(0) 


A(F) 


A(Na) 


A(Fc) 


A(C+N) 


A(C+N+0) 


VIO 


3595 


-0.22 


2.04 


6.83 


8.01 


7.75 


2.65 


5.57 


6.54 


8.04 


8.22 


V8 


3775 


-0.26 


1.94 


7.25 


7.73 


8.39 




5.22 




7.85 


8.50 


V21 


3708 


-0.26 


1.98 


6.74 


8.06 


7.75 


2.80 


5.82 


6.46 


8.08 


8.25 


LM5 


3820 


-0.07 


1.91 


7.34 


7.77 


8.30 


3.20 


5.27 


6.51 


7.91 


8.45 


LM8 


3933 


0.12 


1.84 


6.80 


8.12 


8.08 


2.85 


5.82 


6.56 


8.14 


8.41 


LMIO 


4029 


0.14 


1.78 


7.00 


8.14 


8.34 


3.45 


5.57 


6.51 


8.17 


8.57 



Note. 



A(X)= log[n(X)/n(H)] + 12. 



Table 5. Abundance dependences on model parameters for LM5. 



Species Tcff + 50 log.g + 0.2 6 + 0.2 Total^ 



A(C) 


0.04 


0.05 


0.03 


0.07 


^(N) 


0.04 


0.08 


0.03 


0.09 


^(0) 


0.09 


-0.05 


-0.03 


0.11 


A(F) 


0.13 


-0.05 


0.01 


0.14 


A(Na) 


0.05 


-0.02 


-0.03 


0.06 


A(Fe) 


-0.03 


0.02 


-0.02 


0.04 



*The total value is the quadrature sum of the three 
individual abundance dependences 
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Fig. 1. — Spectra of V21 for the two wavelength regions. Lines used in the abundance 
analysis are indicated. 
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Fig. 2. — Observed spectra (circles) and synthetic spectra for C (upper), N (middle), and O 
(lower) in LM8. The synthetic spectra show the best fit (thick black line) and unsatisfactory 
fits (thin red and blue lines) A{C) ± 0.15 dex, A(N) ± 0.20 dex, and A{0) ± 0.15 dex. 
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Fig. 3. — Observed spectra (circles) and synthetic spectra for LMIO. The hnes show syn- 
theses with different C and Na abundances. The positions of CO and Na hnes are shown. 
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Fig. 4. — Observed spectra (circles) and synthetic spectra for F in LMIO (upper) and VIO 
(lower). In the lower panel, two sets of syntheses are plotted corresponding to log^f = +0.22 
(dashed line) and 0.00 (solid line). The lines are indistinguishable and for this element in 
this star, the extrapolated abundance for logg = —0.22 is A{F) = 2.65. 
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Fig. 5. — Elemental abundances A(X) vs. A{G) as well as A(Na) vs. A(0) (lower right 
panel). A representative error bar is shown. The dashed line is the linear least squares fit 
to the data (slope and associated error are included). 
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Fig. 6.— The abundance distribution of A(C), A(N), A (0), A(CN) andA(CNO) for NGC 
6712 (circles) and M4 (crosses). The M4 data are from lSmith et aLl (120051 ). The amphtude 
of the abundance dispersion is shown along with a representative error bar. 
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Fig. 7.— Same as Figure E] but for A{F), A(Na), and [0/Na]. 
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Fig. 8.— A(F) vs. A{0) ( upper) and lo g[N(F)/N(0)] vs. A{0) (lower) NGC 6712 (blac k 



b ulg e stars (red circles: ICunha et al. 



circles), M4 (black cros ses: ISmith et al.ll2005l) . u Cen (black triangles: ICunha et al.l 12003 ) 



20081 ). and field stars (red plus signs: ICunha et al. 



2003 



and ICunha fc Smithl l2005l ) are shown. A representative error bar is shown. The red and 



black dashed lines are the linear least squares fits to the field+bulge and globular cluster 
data respectively (excluding upper limits). The dotted red line is the fit to the field+bulge 
data excluding the upper hmits and the bulge star with A{0) = 9.0. 



